The partial wave treatment (phase shift analysis) of the elastic scattering of molecular beams [J. Chern. Phys. 33, 795 (1960) I is applied to the calculation of the velocity dependence of the differential and total cross sections for an assumed L-J (12, 6) potential. For most of the calculations, the <, u values are chosen to correspond to the H,-Hg system. The range of the velocity parameter A=ku=p.vu/Ii is from 3 to 30; this is equivalent to a 100-fold variation in H2 beam temperature (approx 8.2-8200K). Computations of the angular distribution of the scattering du(O)/dn and the total cross section Q as a function of A are reported. A correlation of the interference maxima in du(O) /dn is presented. The Massey-Mohr approximation for Q(A) for an inverse sixth-power attractive potential is compared with the present calculations for the L-J (12, 6) potential. Significant undulatory deviations are noted at low A; this effect is attributed to the existence of the broad maximum in the phase shift curve '7 (I), which, in turn, originates from the negative repulsive phases at low I. Consideration is given to the question of the sensitivity of the scattering to the repulsive part of the potential.
INTRODUCTION

I
T is well-known that the classical treatment of elastic scattering 1 ,2 is inapplicable under certain conditions, and in particular, yields no information regarding low-angle differential scattering or the total cross section. Massey and Mohr3 applied the quantummechanical (partial wave) method to the molecular scattering problem, obtaining an exact solution for the rigid-sphere modepa and an approximate one for a general inverse-power intermolecular potential. 3b For the latter case a simple approximation for the total cross In a previous paper4 a partial wave treatment (phase shift analysis) was presented for the scattering of molecules subject to a Lennard-Jones (12, 6) potential,
The repulsive part of the potential leads to negative phase shifts (T/l) for the lower order partial waves and thus gives rise to a maximum in T/(l), whose location and value are dependent upon the velocity parameter
It is the purpose of the present paper to investigate the influence of the repulsion (via the phase shifts) upon the differential and total scattering cross sections and their velocity dependence. In this connection it has been of interest to investigate the applicability of the Born approximation and the validity of the MasseyMohr equation when applied to molecular scattering according to an L-J (12,6) potential.
PROCEDURE
The symbols used are those of I. The two parameters found convenient to characterize the scattering system are
where k=27r/'A=f./.v/1i is the propagation number, f./. the reduced mass, and v is the (initial) relative velocity. For most of the calculations to be presented, the parameters € and IT have been chosen the same as in I, to correspond fairly closely to the H 2-Hg system: €= 2.46XIO-14 erg, 1T=2.91 A. Here B=125 and A has been varied from 3 to 30. This is equivalent to a 100-fold range in the H2 beam temperature (i.e., from 8.2-820oK, assuming (from I) the equivalence: T = 295°K at A =18).
Phase shifts were taken from Table III of I, suitably extended to higher l (always until 1/1 ~ 0.03) by means of the Born approximation (to be discussed below). On using the standard Mott-Massey5a equations, J(O) and Q were computed from the phases at A = 3, 5, 7, 9, 10, 14.1, 15, 18, 20, 24 , and 30 using an The positions of the interference maxima and minima are correlated in Fig. 2 .6 The index N is an integer for a 6 For A ~1O the undulations in do- (O) ldO. are noticeably less regular; this is seen (to a lesser extent) in Fig. 2 . As discussed in I, for B = 125 and A ~ 10 penetration of the centrifugal barrier occurs (classically, the condition for orbiting is K~O.8) giving rise to one or more discontinuities in the 'f/(l) curves; this factor may be of some importance here. maximum, half-integer for a mllllmum. As pointed out in I, the periodicity of the undulations in the angular distributions is governed primarily by A. This is seen quite clearly in Figs. 1 and 2.
It would be desirable to construct a unique "reduced scattering curve," i.e., a universal representation for the velocity-dependent angular distributions (Fig. 1 ). This cannot be expected, however, due to the complexity of the problem when the reduced relative kinetic energy (6) is of order unity and the incident deBroglie wave is seriously distorted by the scattering potential. As pointed out in I, this distortion is also dependent upon A (or, equivalently, the ratio of the wavelength to the extension of the force field).
A step in this direction may be taken if one restricts attention to the scattering at low angles and at high A, where the wave is not much diffracted by the scattering field (conditions appropriate for the Born approximation; see the following). Here the undulations in the angular distribution 1(0) should be determined primarily fib by the variable ks, where quired in the calculation of 1(0), and the phases (after removing multiples of 11") are essentially random numbers (1/1 oscillating rapidly with 1). Under these conditions one finds that
For the "rigid-sphere" potential Q is velocity independent; for a realistic intermolecular potential Q is a relatively insensitive function of velocity (see discussion following). With the approximation of nearly constant Q, Eq. (9) implies I(0)/k 2rv constant. To remove the major velocity dependence of 1(0) the ordinate in Fig. 3 was therefore chosen to be (1/ A2)da/dQ.
It is convenient to rewrite Eq. (9) which, for the rigid-sphere model at least, should approach unity in the high velocity limit. Table I 
the Born approximation for the higher order phases may readily be evaluated by an obvious extension of the treatment of Massey and Mohr.3b The result of the integration is simply For large l (replacing l+! by l) one obtains the useful approximation formulas for the phases (17) 7J (12) 
APPLICABILITY OF THE MASSEY-MOHR EQUATION FOR THE TOTAL CROSS SECTION
Massey and Mohr3b derived a simple formula for the total cross section Q for the potential a V = -C I r', making use of the Born approximation for the higher order phases and utilizing the essentially random character of the lower order phases (mentioned previously) . 
It is of interest to investigate the influence of the repUlsive part of the potential upon Q. Figure 4 shows data taken from Table I [ potential). This effect is thought to be a consequence of the broad maximum in the 7J(I) curve (see Fig. 6 of I) which, in turn, originates from the negative repulsive phases at low l. Although the sign of 7J in itself does not affect sin 2 7J (and thus Q) the existence of the maximum in 7J(I) gives rise to a certain concentration of nonrandom phases near the maximum. These phases (depending on whether sin27J>! or <!) either add to or subtract from the Q calculated for random phases. The directions of the deviations in Fig. 4 seem to be fairly well accounted for on the basis of these considerations.
The deviations are expected to diminish in magnitude with increasing A, as the fraction of the total number of (non-Born) phases which are nonrandom decreases. Thus the velocity dependence of the cross section should approach V-2 / 5 as the "semiclassical"l0 conditions are achieved, as appears to be the case experimentally.t1.l2a However, deviations similar to those of Naturforsch. 15a, 277 (1960 Studies of the scattering of thermal velocity molecular beams are expected 9 ,13,14 to yield information primarily on the long-range attractive part of the intermolecular potential (via the constant C'==4~(6) . However, in view of the discussion of the previous section it is of importance to ascertain the sensitivity of the scattering to the repulsive part.
According to the Massey-Mohr equation, for a given relative velocity or k the total cross section should be independent of ~ and u provided C' is held constant. In the present notation this is equivalent to the condition
(at constant k, of course). Equation (22) enabling the use of the Q-i-K curves (the "reduced phase" treatment) to estimate the phases for K = 1.13 and 9.06. The Massey-Mohr equation (20) yields Q= 176 A2 (for the three cases). Figure 5 shows a comparison of the three calculated angular distributions. Although the curves are easily distinguishable, the problem of deriving a unique or "best" set of parameters ~, u for a given observed angular distribution (i.e., the "inversion" problem) appears to be a formidable one indeed.
One may conclude that while the influence of the repulsive part of the potential is important (and should be observable under certain conditions), the attractive term dominates in determining the scattering of thermal velocity molecular beams.
